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Polyether Ether Ketone (PEEK), an engineering polymer with many 
advantages such as lightweight, high thermal stability, high strength coupled 
with toughness, has often been used as a substitute for metals in applications 
such as bearings, piston parts, pumps and even biomaterials. However, it 
shows high coefficient of friction (COF), in the range of 0.35 to 0.4 when it 
slides dry against a metal or other materials. High friction results in high wear 
rate and short component life when used in tribological applications, 
especially when contact stresses are high.  
This thesis seeks to solve the tribological problems of high friction and 
wear for PEEK by applying ultrathin (a few nanometer range) layers of 
perfluoropolyether (PFPE), Multiply-Alkylated Cyclopentane (MAC), 1-ethyl-3-
methylimidazolium tetrafluoroborate ([EMIM][BF4]) and 1-butyl-3-
methylimidazolium tetrafluoroborate ([BMIM][BF4]) lubricants on the surface 
of PEEK.  
This study has two parts. The first part involves the use of 4.0wt% and 
0.4wt% concentrations (in their respective solvents) PFPE and MAC lubricant 
thin films  on the surface of PEEK that have been modified to have three 
different surface roughness (Ra) – 2.21, 1.45 and 0.42 µm. The results 
obtained from this study showed that for highly improved tribological 
performance, there is an optimal initial surface roughness of PEEK surface 
and lubricant concentrations (i.e. the thickness of the lubricant film) for both 
PFPE and MAC lubricant. Also, at lower concentration, MAC performs better 
compared to PFPE in terms of higher wear durability. The reason for a better 
performance was found to be due to the higher surface tension of MAC which 
viii 
 
enables the formation of a dynamic but stable capillary bridge which aids in 
lubrication. 
The second part of this thesis is to study ionic liquids, [EMIM][BF4] and 
[BMIM][BF4], as lubricant films coated on PEEK surface. The concentrations 
of lubricant used in the study are also 0.4wt% and 4.0wt% and the surface 
roughness used for PEEK is 0.42 µm, the optimum roughness investigated in 
the first part. The results obtained from this study showed that at 0.4 wt% 
concentration, [BMIM][BF4] performs slightly better than [EMIM][BF4] due to 
the ability of [BMIM][BF4] to form a continuous lubricant film on the surface of 
PEEK.  
The second part also compared the results of the ionic liquids with that 
of PFPE and MAC. The comparison results showed that the ionic lubricants 
provided a lower coefficient of friction as compared to that for PFPE and MAC, 
which may be due to the atomic structure of ions as compared to 
hydrocarbons. However, at the lower concentration of 0.4wt%, the ionic 
liquids performed poorly in terms of wear life, as compared to MAC and PFPE. 
The hydrophilic nature of the ionic liquids may have contributed to the poor 
tribological performance.  
Publications from this thesis 
1. Loy X. Z. Keldren and Sujeet K. Sinha, Lubrication of Polyether Ether 
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Polyether Ether Ketone (PEEK) is an engineering polymer that is often 
seen as a potential replacement for metals in applications, such as prosthetic 
replacement and aerospace. PEEK is able to, not only operate at elevated 
temperature (up to 250 oC), but it also has superior mechanical properties 
(E=3.45 GPa; Tensile strength =0.11 GPa) as compared to other traditional 
engineering polymers. In spite of this, PEEK is still not widely used for 
dynamic load bearing applications due to its relatively high coefficient of 
friction (CoF) of about 0.35 ~ 0.4 against metals and other polymers. High 
CoF leads to high energy consumption and high wear rate, which ultimately 
leads to an increase in operational costs and also the failure of components in 
some engineering systems. 
One method to eliminate the problem of CoF is to apply lubrication on 
the surfaces of PEEK. The conventional method of polymer lubrication is often 
the application of grease on the rubbing polymer surfaces. Application of 
grease on the rubbing surfaces requires constant replenishment once the 
grease runs out. Additionally, considerations have to be made in design to 
ensure the grease can be applied and replenished to the rubbing surfaces 
easily. For certain engineering applications, designs to incorporate lubrication 
of rubbing polymer surfaces may not be possible. Besides, grease may be 
considered undesirable for many applications, e.g. food and bio-related.  
To eliminate this problem, it will be better to make use of ultra-thin 
lubricant coating to reduce the wearing of rubbing surfaces. The current study 
addresses the possibility of using ultra-thin (thickness in the range of a few 
nanometer) film lubrication on rubbing polymeric surfaces [1].  
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This thesis seeks to address the feasibility of using lubricants, such as 
perflouropolyether (PFPE), Multiply Alkylate cyclopentane (MAC), 1-Ethyl-3-
methylimidazolium tetrafluoroborate ([EMIM][BF4]) and 1-Butyl-3-
methylimidazolium tetraflourobate ([BMIM][BF4]) as ultra-thin film lubrication 
for PEEK. 
Feasibility studies include characterizing the tribological properties, 
such as CoF and wear lives of these lubricants on the surface of PEEK. 
These lubricants are then compared with one another, and their respective 
performances are critically evaluated. 
 Prior to embarking on the feasibility studies, it is important to take a 
step back and understand what exactly is tribology and lubrication of materials. 
1.1 Definition of tribology 
Tribology is a field of study which incorporates the study of friction, 
which occurs when surfaces are in contact and in relative motion with one 
another by taking into account of the resulting effects of friction such as wear 
and the technologies related to friction.  
1.2 Friction mechanisms for materials 
Bowden together with Tabor have effectively contributed to the modern 
understanding of dry friction in the atomic scale. They slid different metallic 
surfaces against one other, and saw signs of shearing and plowing on these 
metallic surfaces. Under the same loading conditions, they noticed that for 
softer metals such as Indium, the area of contacts was larger as compared to 
the harder metals; more often than not, the softer metal could easily be 
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welded together with the counteracting surface, be it the same soft metal or a 
hard metal. 
From the above observations, they postulated that shearing occurred 
on the metallic surfaces because during contact between the metallic surfaces, 
surface asperities due to surfaces forces form “welds” with adjacent metallic 
surfaces. When sliding occurs, these “welds” get sheared, resulting in 
shearing on the metallic surfaces. Plowing occurred because during contact 
or sliding, asperities from each metallic surface “sink” and “dig” into adjacent 
metallic surfaces, resulting in the removal of surface materials [2].  
F = S + P                                                 (1) 
Friction force, as a result of plowing and shearing can be represented 
by equation (1), where F is the friction force, S is the force required to shear 
the junctions at the contact points, and P the force required to displace the 
material from the front of the asperities during plowing.  
Bowden and Tabor through their experiments deduced that S is 
dependent on the total area of the junctions, A, and also the shear strength of 
each of the junctions, s; s of each of these junctions is almost equivalent to 
the shear strength of pure metal. P, is dependent on the projected contact 
area in front of the asperities A’ (an example is seen in Figure 1) which is 
dependent on the geometry of the asperities and also the yield pressure p of 
the softer material. Another factor which affects P would be the number of 
contact points between the surfaces. The larger the number of contact points, 
the smaller the effect of P. Hence equation (1) can henceforth be rewritten as 
equation (2) below [2]. 




Figure 1. Plowing of material by a single asperity. A’ is the apparent area of 
contact at the side of the asperity 
F = sA + pA’                                              (2) 
Experiments by Bowden and Tabor, confirmed their theory, and even 
though the experiments were conducted on metallic surfaces, their theory of 
friction mechanism were also confirmed to be applicable to polymers [3,4] and 
also ceramics [2, 5].   
Bowden and Tabor’s work on the mechanism of friction questioned the 
validity of Amonton’s law of friction [2], which governed the traditional 
understanding of friction. According to Amonton’s first law of friction, the 
friction force is directly proportional to the normal load which implies that the 
coefficient of friction is independent of the normal load. The validity of 
Amonton’s first law is dependent on the increase in area of contact when load 
is increased. However, there are instances such as when a thin metallic film 
was applied on the material surface; this results in the Amonton’s law to 
breaks down [2] - the increase in contact area as a result of increasing load 
may not be proportionate. Likewise for soft metals, such as indium or lead 
sliding against a hard metal, it has been observed by Bowden and Tabor that 
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during sliding for this contact will still be very high, leading to the breakdown 
of Amonton’s first law of friction. 
Therefore, Bowden and Tabor suggested that the CoF, µ, between two 
surfaces should be dependent on the bulk material properties of the softer 
material that is seen in equation (3) below [2].  
  
                                
                                
                                (3) 
Amonton’s second law of friction states that friction is independent of 
the apparent area of contact. This law was validated to be true by Bowden 
and Tabor, as it is the real area of contact which determines the friction force 
during sliding.  
Bowden et al.’s theory had however assumed that s was constant and 
friction force was largely dependent on the real area of contact. However, 
further investigations by Adams (1963) showed otherwise; it was discovered 
that s actually increases slightly with increasing pressure [6].  
Based on Bowden and Tabor’s work on the mechanisms of friction, the 
formation of “junctions” and the area of contacts play important roles in friction. 
The total area of contacts and the number of junctions formed are largely 
dependent on adhesion between the surfaces, the yield strength of the softer 
material and the contact mechanics.  
1.3 Adhesion in friction 
 Though not much had been said with regards to adhesion in the friction 
mechanism by Bowden and Tabor, it can be inferred indirectly that one of the 
factors that greatly influence friction will be the ease at which adhesion occurs 
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between the contacting surfaces. The relationship between friction and 
adhesion was first studied by Macfarlane and Tabor [2, 7].  
Macfarlane and Tabor had conducted experiments to determine how 
adhesion between two surfaces will be affected for different surface and 
atmospheric conditions. It was determined that within a humid atmospheric 
condition, adhesion between clean hard surfaces was strong. And when the 
atmospheric condition is dry, adhesion between the clean hard surfaces was 
negligible.  
In a humid atmospheric condition, a thin layer of water film is present 
on each of the two surfaces. When the two surfaces are brought into contact 
with each other, meniscus bridges are formed at the points of contact.  
Pressure difference between the water within the meniscus bridges and the 
atmosphere results in a resultant force known as capillary force which 















                                          (4) 
Capillary force can be represented in equation (4) and Figure 2 [8], 
where Fcapillary is the capillary force for a ball on flat contact, R is the radius of 
the ball,    is the surface tension,    is the angle between the meniscus and 
the flat surface, D is the thickness of the lubricant between the ball and flat 
surface, and d is the displacement from the tip of the ball to the point where 
the meniscus bridge is on the ball. As can be seen in equation (4), capillary 
force is strongly influenced by the surface tension of the liquid present in the 
environment. 




Figure 2. Capillary or meniscus bridge, formed at the contact of a sphere 
surface and a flat surface [8]. Reprinted from Intermolecular and Surface 
Forces, Revised Third Edition, Jacob N. Israelachvili, Chapter 17 Adhesion 
and Wetting Phenomena, Pages 415-467, Copyright (2011), with permission 
from Elsevier.  
The surface tension of a liquid on a surface is indirectly dependent on 
the energy possessed by the surface with respect to the liquid. This energy is 
known as surface energy. Surface energy varies accordingly to the type of 
liquid or solid the surface is in contact with. This is because surface energy is 
largely dependent on interaction forces such as solvation, structural, van Der 
Waals and electrostatic. These forces determine the surface energy, which in 
turn determines the surface tension of a liquid on a surface, and also the 
capillary force.  
Surface energy, is also affected by the surface features a surface has. 
If we compare two surfaces of the same dimensions, the surface which is 
rougher will have a higher surface energy as compared to one which is 
smoother. This is because a rougher surface has higher surface area as 
compared to a smoother one.  Having a higher surface area enables more 
regions for adhesion to occur, if close surface mating can be achieved, higher 
adhesion strength can occur between two surfaces. 
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 Mcfarlane et al. also observed that by varying the surface roughness 
of the hard solid, the rougher surfaces gave lower adhesion as compared to 
the smoother surfaces. This is because the real area of contact of a rough 
surface is much lesser than that of a smooth surface. This results in lesser 
adhesion junctions being formed between the surfaces, and lower adhesion 
as a result. This observation however, was reversed when a film of water was 
applied on the roughened surfaces, giving further confirmation, to the effect of 
capillary forces on adhesion.  
  From these experiments, they also concluded that the higher the 
adhesion between two surfaces, the higher the friction force and the 
coefficient of friction [2,7]. Further showing that adhesion played a major role 
in friction between surfaces.  
1.4 Lubrication 
 After understanding friction and how adhesion affects it, it is also very 
important to seek a further understanding of lubrication, which is the basis of 
this thesis.  
 According to Mcfarlane et al. [7], the use of lubrication will hinder 
growth and limit the amount of junctions being formed between two surfaces. 
Additionally, the lubricant now supports the surfaces and are in contact with 
the asperities [9], as such, all interaction is largely dependent on the lubricant 
and its properties.  
                  (   (   )  )                                     (5) 
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 The relationship which governs the friction when a layer of lubricant is 
applied on a surface is shown in equation (5), where A is the real area of 
contact between the two surfaces,  is the fraction of real contact area that is 
not covered by the lubricant, s is the shear strength of the metallic junction 
and sl the shear strength of the lubricant. 
 Friction mechanisms for lubricant do not change and the friction force 
will now largely be dependent on the type of lubrication that is between the 
two contact surfaces. The type of lubrication will be dependent on the 
viscosity, thickness of the lubricant film, surface roughness and to an extent, 
operating conditions (load and speed). 
1.4.1 Types of lubrication 
 As mentioned above, the type of lubrication that a lubricant can be in 
is based on various factors, and all these factors will result in hydrodynamic 
and hydrostatic pressures which affects the thickness of the lubricant 
(provided the supply is sufficient), and coupled with surface roughness, the 
lubricant will be in different type of lubrication regimes. There are three types 
of lubrication regimes namely boundary, mixed and hydrodynamic lubrication 
regime as can be seen in Figure 3.  
 
Figure 3. Stribeck Curve, where f is the COF, µ is the dynamic viscosity, v the 
relative velocity between the two surfaces and P the applied pressure. Region 
f 
µv/P 
1      2             3 
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1 is boundary Lubrication regime, region 2 is mixed lubrication regime and 
region 3 is hydrodynamic lubrication regime. 
 Hydrodynamic lubrication (region 3) exists when the applied pressure 
and velocity of the system is sufficiently high, resulting in the elastic 
deformation of the asperities, at the same time, the thickness of the lubricant 
is sufficiently higher than the asperities height. The sufficiently thick lubricant 
will then separate or minimize contact between the two surface asperities, 
resulting in very low coefficient of friction. In this region, the ability of the 
lubricant to form a sufficiently thick lubricant layer to support the high load is 
largely dependent on the viscosity and viscosity-pressure coefficient [10]. This 
regime will also be present if the lubricant thickness is thicker or 
approximately equal to the height of the asperities. 
 Boundary lubrication (region 1), occurs when the speed is low or if the 
load is sufficiently high to allow interaction of the deformed asperities of the 
surfaces to occur. In this regime, the interaction of asperities is the result of a 
very thin layer of lubricant. For lubricant in this regime, if the coverage is large, 
friction mechanism will be largely based on the properties of the lubricant as 
discussed in the earlier section. How well the lubricant adhere and performs 
on the surface will then be dependent on many factors which will be 
discussed later. This regime occurs also when the applied thickness of the 
lubricant is lesser than the height of the asperities. 
 Region 2 is the region where boundary lubrication transits to 
hydrodynamic lubrication. In this region, friction and CoF decreases to a point 
where CoF and friction is at its lowest. This point is also known as the elasto-
hydrodynamic lubrication (EHL). EHL occurs when the pressure applied leads 
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to the elastic deformation of the asperities of the surfaces and also the 
increase in viscosity of the lubricant. The result is a drop in the CoF and 
friction. This is due to the increased viscosity of the lubricant results which led 
to higher load bearing capability, hence allowing the separation of surfaces in 
contact.  
 Boundary lubrication is the type of lubrication that will be applicable to 
our study on ultra-thin lubrication films because these films will not be 
sufficiently thick to prevent asperities interaction. Moreover, hydrodynamic 
lubrication is usually not achievable for normal engineering systems most of 
the time, as it is not possible to provide a sufficiently high speed or constant 
supply of lubricant to achieve hydrodynamic lubrication thickness. Therefore, 
we will look into how the boundary lubrication actually works. 
1.4.2 Boundary lubrication mechanism 
 There are several ways in which boundary lubrication can work in the 
lubrication of surfaces.  
 The first of which would be a sacrificial layer, where instead of the 
actual surfaces undergoing shear (sliding) process, the lubricant layer will 
instead be the one undergoing it. As such, the lubricant layer used should be 
easily removable and have low interfacial shear energy. In order for this 
mechanism to work, the rate of shearing/speed of sliding should be lower than 
the rate of lubricant replenishment/formation on the surface to be protected.  
 The next mechanism will be the formation of an ordered structure at 
the interface (also known as tribo-film), which will result in sliding interaction of 
the two surfaces to be between two weakly bonded adsorbed layers in the 
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ordered structure. This is also how friction modifiers work. Alternatively, there 
can be formation of shear resistant layers that are strongly bounded to the 
surfaces.  
 At different conditions, these lubricant layers will act as solids, limiting 
shear and shear band fracture [11]. 
1.5 Tribology of Polymers 
1.5.1 Friction and wear mechanism of polymer  
 According to Bowden et al. [2], the friction of polymer can be 
expressed by equation (2), where there are two components in the friction of 
polymer, namely the plowing and deformation component. 
With regards to wear, the two dominant types of wear that can occur on 
polymer surfaces during sliding will be abrasive and adhesive. These two 
types of wear can be said to be the results of the plowing/deformation 
component and adhesion component of friction respectively.  
When sliding occurs, the surface asperities undergo plastic 
deformation, fracture and plow into adjacent surfaces which ultimately lead to 
the generation of wear debris. This is also known as abrasive wear. 
As was mentioned in the previous sections, surface forces results in 
adhesion which lead to friction. Adhesion between surfaces will also result in 
wear. The frequent formation and shearing of adhesion junctions cause the 
surface material to lose its integrity. Eventually the surface materials will 
fracture resulting in the generation of wear debris. This form of wear is also 
known as adhesive wear. 
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Polymer abrasive and adhesive wear mechanism can be modelled with 
the Ratner-Lancaster correlation. The Ratner-Lancaster correlation places the 
amount of wear of the polymeric material largely on the polymer mechanical 
properties such as the percentage elongation (plastic component) at failure, 
tensile strength and CoF [12-14] as seen in equation (6), 
  
  
   
                                             (6) 
where W is the wear volume, µ the CoF, H is the hardness of the bulk polymer, 
  the stress at tensile break,   is the plastic strain in tensile failure and k is a 
material constant. It can be seen in this relationship that wear volume is 
directly related to the CoF of the polymer which is largely observed by all 
polymers (PTFE is one exception to this rule because of its unique crystalline 
nature). Hence, if friction (or CoF) was reduced, we would be able to reduce 
wear of polymers such as PEEK. 
1.5.2 Lubrication on polymeric surfaces 
As mentioned earlier, with effective lubrication, the friction and wear of 
surfaces can be reduced significantly. Hence, if we were to apply a thin layer 
of lubricating film on polymeric surface such as PEEK, the wear and friction of 
this surface should be reduced. Past studies had also shown that with proper 
lubrication, wear and friction of polymers can be reduced. 
Cohen et al. [15] experimented on applying different lubricants on nylon 
and polyethylene. It was concluded that if there was sufficient wettability on 
the surface, the lubricant was able to provide boundary lubrication (provided 
the normal pressure applied on the lubricant was not too high), leading to a 
reduction in friction. 
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Lee et al. [16], has also shown that Carbon Fibre Reinforced Polymer 
(CFRP), when lubricated with A20H (a phosphazene-like lubricant), showed 
lower friction (reduction of CoF from 0.07 to 0.06) and decreased wear depth 
as compared to unlubricated CFRP. 
Likewise, Abdul Samad et al. [17], Satyanarayan et al. [18], Panjwani 
et al. [19] and Sinha et al. [20] have demonstrated the beneficial use of 
perfluoropolyether (PFPE) overcoat layer on top of Ultra-High-Molecular-
Weight Polyethylene (UHMWPE) thin film coated on Si and various types of 
engineering metals. This composite coating layer displayed excellent wear 
durability and significantly lowered the CoF of the surface to a low value of 0.1. 
These studies provided evidences that it is feasible to apply lubricating 
coatings (such as PFPE thin films) on polymer surfaces for low friction and 
wear durability. 
1.5.3 Application of coatings on PEEK surface 
The problem with applying lubricant or coating on PEEK is the low 
surface energy it possesses [21], which leads to poor adhesion strength 
between the coated material and PEEK surface. In order to increase the 
surface energy i.e. adhesion strength, surface modification in the form of 
plasma treatment can be applied onto its surface [22]. Plasma treatment is 
able to not only improve surface wettability, but also adhesion strength [23, 
24]. 
Zhang et al. [25] and Comyn et al. [26] have shown that PEEK when 
treated with oxygen plasmas have shown improved adhesion through the 
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introduction of oxygen functional groups (C-O) such as hydroxyl groups on the 
surface when the surface interacts with radicals within the oxygen plasma.  
Apart from plasma treatment, PEEK surface coating adhesion may also 
be improved through the roughening of the surface. Coating adhesion is 
dependent on the inter-atomic/molecular interactions of two surfaces; these 
interactions are largely dependent on the characteristics of the surface and 
the mechanisms for these interactions are namely mechanical coupling and 
atomic/molecular bonding [27].  
Mechanical coupling involves the interlocking of two material surfaces 
through their surface features. This form of mechanism is more often 
applicable to coatings on surface. The next adhesion mechanism, 
atomic/molecular bonding involves the formation of bonds (chemical, 
secondary and physical) between the surface atoms and molecules [28]. 
Hence for coating adhesion, it is possible to infer that larger the surface area, 
the higher the number of interlocking and bonding sites as such the higher will 
be the coating adhesion strength.  
1.6 Lubricant selection for studies 
1.6.1 Perfluoropolyether (PFPE) 
 As mentioned in Section 1.5.3, PFPE has been used for the lubrication 
of CFRP surface and also as an overcoat on an UHMWPE coating. PFPE is 
used predominantly in the manufacturing of hard-disk drives and more 
recently, in aerospace applications.  
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 PFPE has many desirable properties which makes the lubricant worth 
investigating. PFPE is generally chemically inert and has many desirable 
properties such as low surface tension, low vapor pressure, low pour point 
(the temperature to which liquid turns into a semi-solid and lose its flow 
characteristics) and most importantly it has been shown to be bio-inert. With 
PEEK being increasingly cited as an alternative biomaterial replacement to 
traditional biocompatible metals, the ability of PFPE to lubricate PEEK is 
promising.  
1.6.2 Multiply-Alkylated Cyclopentane (MAC) 
 MAC is an up and coming hydrocarbon lubricant which has properties 
similar to that of PFPE such as low vapor pressure and low pour point; these 
two properties are especially important in space application where the 
environment is vacuum and extremely cold. In terms of biocompatibility, MAC 
has yet to be tested.  
The problem with MAC is the high surface tension that it possesses, 
where upon contact with surface, droplets of MAC form rather than a 
continuous layer of lubricant. However it remains an ideal candidate to be 
tested and compared with PFPE on PEEK surface. 
1.6.3 Ionic Liquids 
Ionic liquids such as [BMIM][BF4] and [EMIM][BF4] are getting much 
attention recently due to their potential to be “green” and “designable”. Ionic 
liquids are inert under atmospheric conditions and because of their extremely 
low volatilities, they are seen as environmentally friendly solvents as 
compared to traditional organic liquids [29].  
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These properties make the ionic liquids highly desirable for use in 
lubrication purposes because during friction, heat is generated which may 
result in reactions to occur in the lubricant.  
With regards to these two ionic liquids being used as a lubricant on the 
surface of polymers there was only one article which was relevant to this 
study. Sanes et al. [30] has shown that when [EMIM][BF4] was used as a 
lubricant for AISI52100 steel pin on polystyrene disc tribological test, both 
CoF and wear were kept low due to the formation of FeF2 tribofilm.  
Therefore, the tribological characterization of these two ionic liquids 
and their comparison studies to “well-known” lubricants will be most beneficial 
in the context of PEEK which is the main subject of the present study.  
1.7 Thesis Objectives 
The main objective of this thesis is to evaluate the feasibility of using 
an ultra-thin lubrication film to improve the tribological properties of PEEK. 
This feasibility study will include tribological and surface characterization.  
Tribological characterization will be carried out for each of these 
lubrication films, to determine the tribological properties of each of the 
lubricant films. Tribological tests using a ball-on-disc tribometer will be used to 
determine the wear life of the lubricant films, and the wear surfaces then 
analysed using optical microscopy and FESEM. The analysis on the wear 
surfaces will help determine the wear mechanisms of each of the lubricants. 
With the wear life and wear mechanisms determined, the tribological 
performance of the lubricants can then be compared. To critically evaluate the 
lubricant performances, surface characterization will have to be conducted. 
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Surface characterization includes determining the surface roughness through 
optical profiling, and surface energy through water contact angle 
measurements. In addition, slide tests will also be conducted to determine the 
behaviour of the lubricants on contact and sliding. Once all these tests are 
conducted, we will be able to determine why some of the lubricants perform 
better than others and also the best lubricant out of the four tested.  
Apart from tribological performances of the lubricants, we will also 
determine the optimal lubricant concentration and surface roughness required 
to achieve the lowest friction and maximum wear durability for PEEK surface. 
This will be done by varying different surface roughness and concentration. 
 In the first study, MAC and PFPE ultra-thin film coating will be 
evaluated to address the tribological limitations that PEEK surface may have. 
This study will then investigate the effects of surface roughness, lubricant 
concentrations and the underlying mechanisms towards the performance of 
both MAC and PFPE lubricants. In the end, a comparison will be carried out to 
determine which of the two lubricants is most suitable for use as ultra-thin film 
lubrication of PEEK surface. The following approaches will be used in this 
study: 
 Surface and tribological characterization of PFPE and MAC lubricant 
thin films of two different concentrations coated on PEEK of three 
different surface roughness. 
 Analyse and evaluate data collated to determine the most optimal 
conditions and most suitable lubricant. 
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 Determine the underlying mechanisms which contributed to the 
tribological performance of PFPE and MAC on PEEK surface. 
In the second study, [EMIM][BF4] and [BMIM][BF4] ionic liquids will be 
characterized, evaluated and the results obtained will then compared with 
those obtained from the first study of PFPE and MAC. The approach for the 
second study is as follows: 
 Surface and tribological characterization of [EMIM][BF4] and 
[BMIM][BF4] lubricant thin films  of two different concentrations coated 
on PEEK with the smoothest surface roughness. 
 Analyze and evaluate data collected to determine which of the two 
ionic liquids perform best. 
 Determine the underlying mechanisms which contributed to the 
performance of the ionic liquids on PEEK surface. 
 Compare the two ionic liquids’ tribological performance with PFPE and 
MAC, and determine which of the four lubricants tested will be the best 
lubricant to be used to enhance the tribological characteristics of PEEK.













In this study, the polymer surface used is that of PEEKTM (Natural). 
PEEKTM (Natural) sheets were procured from Professionals Plastics 
Singapore and cut into individual pieces of dimensions 25mm x 25mm x 5mm. 
The sample pieces were then hand grinded to vary the surface roughness 
using P180, P320 and P800 grade grit papers. PFPE (Z-dol 4000) (Density = 
1.82 g/cm3; Kinematic Viscosity = 18.2 cSt; Surface tension = 22 dyne/cm; 
Molecular weight = 4000g/mol, monodispersed) was used for this experiment 
and it was procured from Solvay Solexis, Singapore. PFPE molecules have 
terminal OH groups at their ends, and the chemical formula of PFPE is as 
follows (where p/q ratio is 2/3): 
HO-CH2-CF2-(O-CF2-CF2)p-(O-CF2)q-O-CF2-CH2-OH 
H-galden, ZV60, obtained from Ausimont INC, was used to dissolve 
PFPE to the desired concentrations before coating the lubricant onto PEEK. 
Multiply-Alkylated Cyclopentane (MAC) oil (Density = 0.841g/cm3; Kinetic 
viscosity = 14.6 cSt; Surface tension = 32 dyne/cm; Molecular weight = 550 
g/mol ) supplied by Nye Lubricant, USA and procured from Dulub, Singapore, 
was also used to coat PEEK in this experiment. Hexane (n-hexane) was used 
as the solvent to dissolve MAC oil prior to coating. 
1-Butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4] 
(C8H15BF4N2) ionic liquid (Density = 1.2 g/mL; Dynamic viscosity = 153.7804 
cP; Surface tension = 45.74 dyne/cm [29]; Molecular weight = 240.05 g/mol) 
and 1-Ethyl-3-methylimidazolium tetrafluoroborate [EMIM][BF4] 
(C6H11BF4N2) ionic liquid (Density = 1.294 g/mL; Dynamic viscosity = 38.208 
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cP; Surface tension = 48.17 dyne/cm [31]; Molecular weight = 197.97 g/mol) 
was procured from Sigma - Aldrich Singapore and Isopropanol was used to 
dilute the ionic liquid to a suitable concentration.  Figure 4 below shows the 
atomic structure of [BMIM][BF4] and [EMIM][BF4]. 
 
 
Figure 4. a) Chemical structure of [BMIM][BF4], b) Chemical structure of 
[EMIM][BF4]. Obtained from supplier Sigma-Aldrich. 
 
2.2 Pre-coating Procedures 
Specimens of PEEK were manually hand roughened on one side using 
abrasive papers (Grade: 1727 Siawat; Grit: Silicon Carbide; Resin Bonding to 
c-wt paper) (procured from Sia Abrasives, Sweden) of grit size (average 
particle diameter) 82µm (grade P180), 46.2µm (grade P320) and 21.8µm 
(P800) as provided by the supplier. The roughened PEEK pieces were then 
rinsed in distilled water for 30 seconds before ultrasonically cleaned for 15 
a) 
b) 
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minutes. The pieces were then retrieved and cleaned in the same manner 
using acetone. Once cleaned in acetone, the pieces were dried in warm air till 
residual acetone on the surface evaporated. This is important because 
residual acetone may affect the properties of the coatings applied on the 
surface of PEEK. The pieces were then subjected to Oxygen Plasma 
Cleaning using the Harrick Plasma – Plasma cleaner PDC-32G at high RF 
(18W) settings for about 3 minutes. 
For lubricant deposition by the dip-coating method, solutions of PFPE, 
MAC, [BMIM][BF4] and [EMIM][BF4] were prepared based on their weight 
percentages in their respective solvents.  
PFPE coating solutions of 4wt% and 0.4wt% were prepared by 
dissolving 2200 µl and 220 µl of Z-dol 4000, respectively in 100 ml of H-
Galden ZV-60 solvent. MAC coating solutions of 4wt% and 0.4wt% were 
prepared by dissolving 3300 µl and 330 µl of MAC oil in 100ml of n-hexane 
respectively.  
The [BMIM][BF4] coating solutions of 4wt% and 0.4wt% were prepared 
by dissolving 2660 µl and 266 µl of ionic liquid respectively in 100ml of 
isopropanol. [EMIM][BF4] coating solutions of 4wt% and 0.4wt% were 
prepared by dissolving 2470 µl and 247 µl of ionic liquid in 100ml of 
Isopropanol. 
2.3 Coating Procedure 
 The coating method used for this study is the dip-coating method. This 
method can be carried out easily by just immersing the samples into the 
coating solutions and withdrawing at the desired speed and angle. Likewise, 
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the duration to which the samples are immersed in the solution can also be 
controlled. 
 
Figure 5. In-house dip-coating machine. Sample in figure is just for illustration 
purpose 
Dip-coating was carried out by an in-house dip-coating machine 
(Figure 5) which can immerse samples into the coating solution at varying 
speeds. An angle of immersion and withdrawal of 90o (i.e. sample test surface 
horizontal and parallel to the solution free surface) was adopted for the dip-
coating process.  The coating speed (immersion and withdrawal) was at 0.5 
mm/s. The speed and angle of dip-coating were chosen as it yielded the most 
uniform lubricant coating on the surface of PEEK. The samples were left out 
to dry for about 1 minute before being stored in the desiccator for a day prior 
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2.4 Tribological Characterization 
2.4.1 Tribological Test 
Tribological Tests were conducted using a ball-on-disc tribometer 
which has been designed and built in-house. The tribometer uses a simple 
moment cantilever arm to apply a dead-weight type normal load on the 
surface that is to be tested. Strain gauges are fixed in full bridge connection to 
the cantilever for the friction force measurement. The counteracting ball was 
attached to the end of the cantilever arm whereas the PEEK specimen was 
fixed to the spin-stand (Figure 6).  
 
Figure 6. In-house tribometer used for tribological characterization 
Silicon Nitride (Si3N4) ball was used as the counteracting surface in the 
experiments. Prior to conducting the test, the Si3N4 ball surface was cleaned 
with acetone and dried. The coated PEEK specimens were placed on a 
rotating spin-stand before the counteracting Si3N4 ball attached to the 
cantilever arm was placed on top of coated PEEK surface. 
The rotating spin-stand where the PEEK sample is placed is set to 










platform to level 
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coated surface. Failure is said to occur when the CoF exceeds 0.25 or when 
visible film failure is seen (the CoF of dry PEEK is in the range of 0.35). 
Alternatively, when the coating lasted more than 200,000 cycles of rotation, 
the tests were terminated due to long test duration. Three tests were 
conducted on each specimen and five specimens for each surface roughness 
were tested. 
2.4.2 Slide Test 
 Slide test was conducted to understand the lubrication mechanism. An 
in-house ball-on-disc tribometer capable of doing one-directional sliding was 
used to carry out this test. The load applied when doing this test is close to 0 
to eliminate the effects of force on the lubrication mechanism. 
2.4.3 Wear Analysis 
 The wear track from each tribological test was analyzed using an 
optical microscope at 50x and 100x magnifications and Hitachi S4300SE 
FESEM at 80x and 600x magnifications. Additionally, the surface topography 
after each test was also analysed using Veeco WYKO NT1100 Optical Profiler 
at a magnification of x10 and a scanning area of 10 µm x 5 µm. 
2.5 Surface Characterization 
2.5.1 Surface Roughness 
The surface roughness of each individual piece before and after 
oxygen plasma cleaning were determined by Veeco WYKO NT1100 Optical 
Profiler at a magnification of x10 and a scanning area of 10 µm x 5 µm at 6 
different locations on each specimen. A total of 3 specimens were tested 
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giving a total of 18 points. Examples of the topography information gathered 




   
Figure 7. Surface analysis sample using Veeco WYKO NT1100 Optical 
Profiler, a) 2d-analysis b) 3d-analysis c) digital camera images of the 





c) (i) (ii) (iii) 
5mm 5mm 5mm 
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2.5.2 Water Contact Angle(WCA)  Measurements  
The measure of surface energy can be estimated by the water contact 
angle.  Hydrophobic surfaces give high WCA because of low surface energy, 
whilst the reverse is so for the hydrophilic surfaces. High surface energy 
results in stronger adhesion between the surfaces and better wettability of the 
surface; coatings can be applied on the surface easily. 
To avoid the effects of surface features and roughness, WCA tests 
were done only on the smoothest surface which is that of PEEK abraded 
using P800 grit paper. WCA readings were taken at six locations and on three 
different PEEK specimens both before and after oxygen plasma treatment 
using the VCA Optima Contact Angle System. For the WCA determination, 
0.5 µl of deionised water droplet was placed on the surface of PEEK for each 
of the test spot.  
2.5.3 Lubricant Thickness Measurement 
When a layer of lubricant is applied onto the surface of PEEK, it is 
essential for us to determine the thickness of the lubricant. By knowing the 
thickness of the lubricant, we will be able to know the type of lubrication that is 
on the surface of PEEK. 
Attempts to measure the film thickness by coating half the specimen 
and measuring the step using surface optical profiler went futile. No step was 
detectable, because the film itself is transparent and when coated on PEEK, a 
non-reflective surface, no fringes were detectable to conduct film thickness 
measurement. Additionally, due to the surface roughness and features, the 
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light gets scattered, not allowing the film thickness to be measured. There 
may also be a limit to the range of values to which the profiler can detect. 
PFPE coated on Si surfaces have shown to provide only a few 
nanometer (~ 2.4 nm for 4wt% lubricant solution) thickness of the lubricant 
after the solvent had dried completely after dip-coating [31]. For MAC at 4w%, 
there was no known film thickness measurements conducted on any other 
material surfaces. 
From the surface roughness measurement before and after coating, it 
may be deduced that the film thicknesses are in the nanometer scale as 
surface roughness before and after coating remained relatively unchanged.
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3.1 Surface characterization results and discussions 
3.1.1 Surface Roughness 
The results of the surface roughness of PEEK surfaces, before and 
after lubricant coatings, are presented in Table 1. From Table 1, the surface 
roughness of PEEK before oxygen plasma is lower as compared to that after 
oxygen plasma treatment.  
The surface roughness after lubricant coating is nearly similar to that of 
PEEK surface before coating. This seems to suggest that the coatings that 
have been applied on PEEK surface may be very thin layers compared to the 
roughness of the PEEK surface, as such not much differences were seen in 
the displayed surface roughness. It has to be noted that the surface 
roughness measured may not be as accurate as expected due to the 
existence of deep valleys which do not allow light fringes to be displayed; 
PEEK itself is a polymer that is opaque with low reflective index. 
Table 1. Surface roughness, Ra, (µm) before and after O2 plasma treatment 






O2 plasma treated PEEK surfaces coated 

















P180 2.05±0.4 2.21±0.2 2.26±0.3 2.21±0.4 2.32±0.6 2.12±0.5 
P320 1.28±0.3 1.45±0.3 1.37±0.3 1.40±0.2 1.51±0.2 1.62±0.5 
P800 0.32±0.8 0.42±0.1 0.38±0.05 0.40±0.06 0.45±0.1 0.47±0.09 
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3.1.2 WCA measurements I 
 Table 2 shows the results for the WCA measurements conducted on 
PEEK samples for 3 roughness which have been coated with both PFPE and 
MAC lubricant. 
Table 2. WCA before and after oxygen plasma treatment and after coating with ultra-
thin layers of different lubricants. 
 
Throughout the measurement process, there were regions on the 
surface of the samples which showed deviations in the range of 10o. These 
deviations in the water contact angle may have resulted due to the 
inconsistent force applied during manual hand grinding which led to uneven 
surface features on the surface of PEEK. However, it can be seen that the 
surface of PEEK after oxygen plasma cleaning became more hydrophilic 
(higher surface energy) as seen by a lower WCA. Similarly, the WCA tests 
were conducted on lubricant coated samples which were roughened by P800 
grit size paper and the results are as shown in Table 2. The coated surfaces 
are hydrophobic (lower surface energy) compared to the uncoated samples. 
3.2 Tribological test results and discussions 
Both PFPE and MAC coatings of 4.0wt% and 0.4wt% concentrations 
were coated on PEEK surfaces of three different surface roughness, they 
were then tested and their tribological results compared and analyzed.  
















80o±5o 37o±4o 102o±1o 105o±2o 103o±4o 100o±1o 
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The average cycles to failure and average CoF for different coatings on 
different surface roughness can be seen in Figure 8. Figures 9 - 12 show how 
the average CoF varies with cycles for typical tests. It should be noted that out 
of all the tests conducted on the specimens, there were instances when the 
coating showed contrasting results due to unforeseen circumstances as 
compared to the majority of the tests conducted, and since these instances 
are minimal, their results are not included.  
 
Figure 8. Average cycles to failure of PEEK surfaces with various surface 
roughness values and coated with MAC and PFPE coatings of various 
concentrations. Coefficient of friction values are mentioned for the surfaces 
which did not show failure until 200,000 cycles of sliding when the tests were 


























































































































































Experiment stopped at 200,000 cycles 
Ra = 2.21 µm                              Ra = 1.45 µm                                Ra = 0.42µm 
Chapter 3 The effects of surface roughness and concentrations on the 




Figure 9. Coefficient of friction vs Cycles of 4wt% PFPE coated on PEEK of 
various surface roughness 
 
 
Figure 10. Coefficient of friction vs Cycles of 0.4 wt% PFPE coated on PEEK 
of various surface roughness 
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Figure 11. Coefficient of friction vs Cycles of 4 wt% MAC coated on PEEK of 
various surface roughness 
 
Figure 12. Coefficient of friction vs Cycles of 0.4wt% MAC coated on PEEK of 
various surface roughness. 
Chapter 3 The effects of surface roughness and concentrations on the 
tribological performance of PFPE and MAC 
Page 37 
 
From Figures 8 - 12, we can conclude that at 4wt% concentration, both 
PFPE and MAC coated on PEEK for all surface roughness values (0.42 µm to 
2.21 µm) did not fail. At 0.4wt%, PFPE coating failed on all the three surfaces 
whereas 0.4wt% MAC did not fail for the rougher surfaces (Ra = 2.21 µm and 
1.45 µm). 0.4wt% MAC failed on the smoothest PEEK surface with 0.42 µm 
Ra value.  We observed that MAC, in comparison to PFPE, has better 
performance in providing low friction and longer wear life with the CoF of 
PEEK reducing from an average of 0.35 for dry condition to a range of 0.08 ~ 
0.1. This is a 3.5 to 4 time reduction in the CoF. 
3.2.1. Effects of surface roughness on tribological properties of lubricant films 
From the tribological results of 0.4wt% MAC coated on PEEK, we can 
conclude that a rougher surface tends to bring about a higher wear life which 
may be due to the existence of more mechanical coupling and chemical 
bonding between the surface of PEEK and the coatings as discussed by 
Basin [32].  As mentioned earlier, surface energy of a rougher surface is 
higher than that of a smooth surface, as a lubricant flows along the surface 
“close mating” is achievable between both PEEK and lubricant. Therefore, 
higher adhesion strength and wear life is achieved on a rougher surface. 
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Figure 13. 0.4 wt% MAC coated on PEEK with varying surface roughness. a) 
Ra = 2.21 µm, b) 1.45 µm c) 0.42 µm. 0.42 µm PEEK bulk without lubricant 
coating that has undergone wear test is shown in d). 
FESEM images as seen in Figure 13 for 0.4wt% MAC coated on PEEK 
with 2.21 µm, 1.45 µm and 0.42 µm roughness values showed that for 2.21 
µm and 1.45 µm roughness surfaces there is a flattening of surface features 
along the wear track whilst for 0.42 µm, abrasive wear / plowing is seen by the 
wear debris lying along the wear track before flattening and smoothening of 
b(ii) 
c(ii)   c(i)   
d)   
b(i)   
Abrasion lines from 
hand grinding 
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wear track, this is similar to the kind of wear bulk PEEK of 0.42 µm roughness 
undergoes without any lubrication (see Figure 13c). The FESEM images 
suggest that the asperities are the points where contacts occurred with the 
counteracting ball; seen by the deformation and flattening of the asperities for 
the surface roughness of 2.21 µm and 1.45 µm. For these two surfaces, there 
were minimal or no wear debris seen along the wear track leading to the 
possible conclusion that lubricant is present on top of the asperities, providing 
boundary lubrication to the PEEK surface. 
When sliding occurred, the lubricants present on the asperities 
provided lubrication to the counteracting Si3N4 ball and PEEK. The 
normal/tangential forces applied on PEEK resulted in the deformation of these 
asperities. As sliding continued, the asperities got flattened to a critical height, 
where at this height, deformation no longer occurs. At this critical height, the 
lubricant present in the valleys got squeezed into the interface of the 
counteracting ball and PEEK surface helping in boundary lubrication.  
At the same time, some of the lubricant becomes adhered to the 
counteracting sliding ball. The counteracting sliding ball then transferred some 
of the lubricant back onto the wear track which resulted in the replenishment 
of the lubricant on the wear track, hence protecting the surface of PEEK from 
further wear.  
Without asperities of a sufficient height, the asperities got deformed to 
the same level as the valleys, leading to an increase in contact area between 
the two surfaces. This increase in surface area led to an increase in adhesion 
between the counterface ball and PEEK surface which eventually resulted in 
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failure of coating due to increased friction and wear. Furthermore, by having a 
smoother surface, the amount of lubricant that can be “stored” in these valleys 
is much lower as compared to the rougher surfaces, which may also have 
contribute to failure due to the lack of lubricant when sliding occurred. The 
explanations are supported when we conducted water contact angle 
measurement on the PEEK wear tracks of different surface roughness (Table 
3) and when we compared the optical profile between 0.4wt% MAC of 
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Figure 14.  2D-analysis of wear track using optical profiler at 20x 
magnification. a) Ra= 1.45 µm PEEK coated with 0.4wt% MAC, b) Ra=0.42 µm 
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Figure 15.  3D-analysis of wear track using optical profiler at 20x 
magnification. a) Ra=1.45 µm PEEK coated with 0.4wt% MAC, b) Ra=0.42 µm 
PEEK coated with 0.4wt% MAC and c) Ra=0.42 µm PEEK coated with 4 wt% 
MAC. 
 
Table 3. Water contact angle tests conducted on and outside the wear track 
for different lubricant of different surface roughness PEEK surfaces. 
0.4wt% MAC 
Ra (µm) On wear track Outside wear track Failure of coating? 
0.42 83.6 102.9 Yes 
1.45 118.4 110.8 No 
2.21 112.4 122.3 No 
4wt% MAC 
 Ra (µm) On wear track Outside wear track Failure of coating? 
0.42 108.1 104.3 No 
1.45 113.2 107.6 No 
2.21 108.6 105.8 No 
0.4wt% PFPE 
Ra (µm) On wear track Outside wear track Failure of coating? 
0.42 73.9 112.2 Yes 
1.45 76.2 107.1 Yes 
2.21 89.4 116 Yes 
4wt% PFPE 
Ra µm) On wear track Outside wear track Failure of Coating? 
0.42 109.2 103.9 No 
1.45 110.3 105.2 No 
2.21 102.7 116.6 No 
 
c) 
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Optical profiling (Figures 14-15) was conducted on the wear tracks of 
the 0.4wt% MAC coated on PEEK with surface roughness of Ra= 1.45 µm and 
0.42 µm to compare the differences in topography between the two. It can be 
seen that for the Ra=0.42 µm surface, it underwent large amount of surface 
material removal and eventually polishing, resulting in a smooth surface 
topography. When we compared the wear track topography of the two 
surfaces with Ra= 1.45 µm and 0.42 µm, we observed that the height of the 
asperities seems to be greater for Ra= 1.45 µm compared to that of Ra=0.42 
µm which suggested that as sliding continued the asperities deformed to a 
certain extent, thereafter deformation stopped and sliding continued on top of 
the deformed asperities which have been boundary lubricated by the MAC 
lubricant. 
3.2.2 Effects of concentration on the tribological properties of lubricant films 
A thin-film lubricant of higher concentration provided better wear life 
cycle compared to a low concentration. One possible explanation for such a 
trend may be due to the resulting thicker lubricant coating layer on top of the 
surface of PEEK because of a higher concentration. A thicker lubricant 
coating provides higher load bearing capacity for the coating as compared to 
a thin lubricant coating. 
 For ideal boundary lubrication, the lubricant layer should be at least a 
few molecules thick, this prevents solid to solid contact between PEEK and 
the Si3N4 counterface ball. Optical profiling conducted on the wear track of 
Ra=0.42 µm PEEK coated with 4wt% MAC (Figure 15c) showed that indeed 
the thickness of the lubricant layer did play a part in the protection of PEEK 
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surface from wear. Compared to the Ra=0.42 µm PEEK coated with 0.4wt% 
MAC lubricant (Figure 15b), the surface topography of the PEEK coated with 
4 wt% MAC lubricant appeared to be rougher and having more asperities. 
This suggests that the lubricant with higher concentration seems to 
have resulted in a thicker lubricant layer, which was able to provide better 
load bearing support to the PEEK surface. Hence, plastic deformations of the 
asperities were kept minimal and the lubricant underwent shear instead of the 
PEEK surface. WCA (Table 3) were conducted on the wear track and it was 
found that lubricant remained present on the wear track for Ra=0.42 µm PEEK 
surfaces coated with 4wt% MAC as well as PFPE. 
The effect of concentration on film thickness was also observed by 
Abdul Samad et al. [33] when Ultra-High-Molecular-Weight Polyethylene 
(UHMWPE) of varying concentrations (1 ~ 5wt%) were dip-coated on air-
plasma treated tool steel. Failure occurred for the 1wt% UHMWPE coating on 
tool steel due to the insufficient thickness that resulted due to a low 
concentration of UHMWPE.   
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Figure 16. a) Ra= 0.42 µm PEEK 0.4wt% MAC b) Ra= 0.42 µm PEEK 4wt% 
MAC c) Ra = 0.42 µm PEEK 0.4wt% PFPE d) Ra = 0.42 µm PEEK 4wt%. 
FESEM images taken of the wear tracks of Ra = 0.42 µm PEEK coated 
with 4wt% and 0.4wt% PFPE and MAC (Figure 16) further proved the effect 
that concentration has on the lubricant coating used to protect PEEK from 
wear.  
At 0.4wt% MAC and PFPE, failure occurred as seen evidently by the 
wear debris generated from the abrasive action between the counteracting 
ball and the surface of PEEK. For 4wt% MAC and PFPE however, transfer of 
material was seen at the side of the wear track but the large amount of wear 
debris seen on the PEEK surface coated with 0.4wt% lubricants were absent. 
Having a lubricant of higher concentration, there are more lubricant molecules 
on the surface as compared to a lower concentration one, which may help in 
the effective protection of PEEK surface from wear. 
3.2.3 Comparison between PFPE and MAC  
The tribological results further showed that at 0.4wt%, MAC is a better 
lubricant compared to PFPE. At 0.4wt%, PFPE showed inconsistency in terms 
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which showed consistent failure data for the Ra= 0.42 µm PEEK surface; for 
other surface roughness values of Ra = 2.21 µm and Ra = 1.45 µm 0.4wt% 
MAC did not fail within 200,000 cycles (experiments stopped due to long test 
duration). When we compared the microscopy pictures of the counteracting 
ball between 0.4wt% PFPE and 0.4wt% MAC on Ra = 1.45 µm PEEK in 
Figure 17, we see that large amount of wear debris were transferred to the 
counteracting ball for 0.4wt% PFPE whilst for 0.4wt% MAC we see a thin 
layer of MAC lubricant on the counteracting ball and minimal material transfer 
from the surface to the counteracting ball. 
   
Figure 17. Microscopic images of counteracting ball sliding against PEEK of 
Ra = 1.45 µm coated with a) 0.4wt% MAC and b) 0.4wt% PFPE (Failed). The 
counteracting ball sliding along the 0.4wt% PFPE coating which eventually 
failed is littered with wear debris generated. 
One possible explanation for a better tribological performance of MAC 
may be due to the higher surface tension that it possesses (approximately 32 
dynes/cm) compared to that of PFPE (22 dynes/cm). The higher surface 
tension of MAC provided strong adhesion of the lubricant onto the interface of 
PEEK and Si3N4 due to capillary force action (or meniscus formation), making 
it difficult for MAC lubricant to be removed from the interface during sliding. In 
a) b) 
0.2mm 0.2mm Wear Debris 
MAC 
lubricant 
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addition, strong capillary effects can be observed when the surface tension of 
a liquid is high.  With high surface tension, MAC displayed higher adhesion 
into the interfaces of PEEK and Si3N4, as compared to PFPE.  
Evidence on the effect of surface tension and strong capillary effects 
can be seen in Figure 18 where a larger amount of MAC lubricant was 
observed on the surface of the counteracting ball as compared to PFPE 
lubricant. Likewise, MAC lubricant was also present on the wear track of 
PEEK (Table 3) when droplets of 0.05 µl of water were placed on the wear 
track and outside of the wear track to determine the existence of lubricant on 
the surface by the water contact angle measurement.  
    
    
Figure 18. Microscope images of the Si3N4 balls after the tests for comparison 
between Ra = 2.21 µm a) 4wt% MAC b) 4wt% PFPE and Ra = 1.45 µm c) 
0.4wt% MAC d) 0.4wt% PFPE. The cohesiveness of MAC lubricant resulted in 
a layer of lubricant forming on the counteracting ball due to the relatively high 
a) 
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Figure 19. Microscopy of Si3N4 in contact with a glass slide with lubricant 
applied at interfaces. a) MAC 4wt% Lubricant – (i) two surfaces in contact (ii) 
ball surface after contact. b) PFPE 4wt% - (i) two surfaces in contact (ii) ball 
surface after contact. c) MAC 4wt% at 37 oC – (i) two surfaces in contact (ii) 
ball after contact. The radius of the MAC lubricant is approximately 3.7 times 
larger than that of PFPE and based on the radius the volume of MAC lubricant 
present on the contact point is roughly more than 40 times that of PFPE. 
Likewise for when MAC is compared to MAC at 37 oC, the radius is 1.7 times 
larger and amount of lubricant present at contact is 4.8 times more. 
0.2 mm 
0.2 mm 0.2 mm 
0.2 mm 
0.2 mm 0.2 mm 
c(i) c(ii) 
b(i) b(ii) 
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Figure 19 further proved our point on the high surface tension and 
strong capillary action that MAC possesses. Glass slides were cleaned in 
ethanol for 15 minutes and dried using nitrogen gas, the counteracting Si3N4 
ball was then placed on the glass before lubricant (4wt% MAC or PFPE) was 
applied at the interface. Optical microscope images were taken from the back 
of the glass slide to determine how the interface where the lubricant was 
present looked. Figure 19a showed MAC lubricant having a larger lubricant 
contact radius as compared to that for PFPE in Figure 19b. The high surface 
tension of MAC resulted in stronger capillary force which evidently resulted in 
the larger radius of the lubricant we observe. Consequently, a larger amount 
of lubricant was seen due to the stronger adhesion force that MAC displayed 
due to its higher surface tension. MAC and PFPE lubricant of 0.4wt% 
concentration is not used for this test because of its inferior performance 
compared to 4.0wt% concentration at all surface roughness. 
 TTkV cL 
3/2
              
                       (7) 
To further verify the surface tension effect, MAC was heated from the 
room temperature of 22.5 oC to about 37 oC. The surface tension of a liquid 
decreases with increasing temperature, this relationship was determined 
empirically by Eötvös [34-36] as seen in equation (7), where    is the surface 
tension, V is the molar volume, Tc is the critical temperature and the constant 
k is the polarity of the liquid. 
Figure 19c, showed that at an elevated temperature, the surface 
tension of MAC lowers resulting in a lower capillary force and lower volume 
of lubricant at the interface between the contacts. 
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The high surface tension and strong capillary effect that MAC displayed 
was even present when we carried out sliding test, at a speed of 1mm/s on 
the interface of Si3N4 and glass for 4wt% MAC, MAC at 37
oC and PFPE.  
Right from the start when the lubricants were applied at the contact point of 
Si3N4 ball and glass, the meniscus bridge that MAC forms at room 
temperature is much larger as compared to those for PFPE and MAC at 37 oC 
as seen in Figure 20a. The meniscus remained at the contact point even after 
several hours. When sliding commenced, the MAC meniscus bridge was 
present throughout the whole sliding process.  Likewise, MAC and PFPE 
lubricant of 0.4wt% concentration is not used for this test because of its 
inferior performance compared to 4.0wt% concentration at all surface 
roughness. 
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Figure 20. a) MAC 4.0wt% lubricant – (i) 1 second after lubricant is applied at 
contact (ii) 5 minutes after lubricant is applied at contact. b) MAC 4.0wt% 
lubricant at 37 oC – (i) 1 second after lubricant is applied at contact. (ii) 60 
seconds after lubricant is applied at contact. c) PFPE 4.0wt% lubricant – (i) 1 
second after lubricant is applied at contact. (ii) 30 seconds after lubricant is 
applied at contact. 
For PFPE and MAC at 37oC the lubricant in the meniscus bridge flowed 
out even before the sliding process, resulting in the decrease in the size of the 
meniscus bridge. This was because of the high mobility of the lubricant as a 
result of the lower surface tension. When sliding occurred, the small meniscus 
bridge gets sheared and disappeared almost immediately. The distance at 
which the lubricants were still available at the interface of the contact point 
during linear sliding is given in Table 4. 
Table 4. Distance at which lubricant remains at the contact point during 
sliding test using Si3N4 on glass slide.  
Lubricant Sliding distance (mm) 
4wt% MAC (37 oC) 7 
4wt% PFPE 8 
4wt% MAC 25 
 
It may be argued that the speed used for the slide test when compared 
to the actual ball on disc test differs by quite a big magnitude. However, from 
c(i) c(ii) 
5mm 5mm 
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Figure 18a, we see that MAC lubricant was still present at the counterface ball. 
This is similar to Figure 19a(ii) though the amount of lubricant is much lesser 
compared to that in Figure 18a. Hence we may conclude that even at such a 
high speed of sliding, the MAC lubricant meniscus bridge may still be present 
at the interface of the counterface ball and the PEEK surface. 
Therefore we can conclude that, the surface tension of MAC resulted in 
strong capillary action which directly led to the stable meniscus of the 
lubricant at the interface of PEEK and Si3N4. The MAC lubricant which 
adhered onto the surfaces underwent shearing instead of the PEEK surface.  
For PFPE, the high mobility that it possess due to a low surface tension, 
eventually led to “oil creep” as sliding continued - depriving the surfaces and 
the interface of the lubricant necessary during the sliding process. Interaction 
between PEEK and Si3N4 bare surfaces eventually occurred, resulting in the 
wear of PEEK surface and high friction. The phenomenon of “oil creep” has 
been observed for liquids with surface tension in the range of 18 dynes/cm to 
30 dynes/cm [37]. This phenomenon results in the movement of lubricant 
away from the area of contact and in this case it is the wear track. The 
movement of the lubricant away from the wear track exposed Si3N4 to bare 
PEEK surface which resulted in the wearing of it. The above explanation 
provided us with an understanding as to why 0.4wt% PFPE coating was not 
able to help in preventing and reducing the wear of the PEEK surfaces. 
3.3 Conclusion – comparison studies between MAC and PFPE 
In this chapter, PEEK surface with varying roughness values and 
coated with 4wt% and 0.4wt% (in the solution) Multiply Alkylated 
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Cyclopentane (MAC) and perfluoropolyether (PFPE) lubricants by dip-coating 
showed various friction and wear life trends. The experimental results showed 
that at higher surface roughness and higher lubricant concentration, the wear 
life of these lubricant films tends to be higher than that of a lower surface 
roughness and low concentration.   
By having a higher surface roughness, the area of contacts between 
the counteracting ball and the surface of PEEK coated with lubricants is 
minimized. Roughened surfaces have higher asperities as compared to 
smoother surfaces. These asperities undergo deformation till a critical height, 
and thereafter deformation stops. At this height (and the area of contact), the 
lubricated surface is able to support the load applied on it. Coupled with the 
replenishing of lubricant from the valleys to the interface between the 
counteracting ball Si3N4 and lubricated wear track, wearing of PEEK surface is 
greatly minimized.  
Likewise, having a higher concentration of the lubricant in the dip-
coating solution produces higher wear durability of the PEEK surface, which 
may be due to the thicker lubricant layer on the surface of PEEK, better load 
bearing ability, better adhesion of the coating to PEEK surfaces due to higher 
density of surface bonds, and larger amount of lubricant molecules present. 
Furthermore, when the lubricant is of a high concentration, surface roughness 
will no longer have an impact on the performance of the lubricant. 
When PFPE is compared with MAC, MAC showed better wear 
performance compared to PFPE in terms of friction coefficient consistency 
and wear life (at 0.4wt% concentration). It is found to be due to the higher 
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capillary action and surface tension that MAC has (32 dynes/cm) (versus 
PFPE with 22 dynes/cm) which allows larger MAC meniscus at the interface 
and more resistance to “oil creep” as compared to that for PFPE. When 
sliding occurs, the MAC lubricant meniscus bridge which formed during 
contact at the interface undergoes shear instead of the actual PEEK and 
Si3N4 surfaces, thus minimizing wear. The high surface mobility of PFPE led to 
the lubricant flowing away from the contact regions on prolonged sliding. 
These regions eventually get “starved” of lubricant, leading to wear and high 
friction. 
The experiments conducted showed the possibility of using PFPE or 
MAC lubricant as an ultra-thin layer of coating to protect PEEK surface from 
wear. At a concentration of 4wt% for both MAC and PFPE, PEEK can be 
protected and the effect of surface roughness is not of much concern, whilst 
at a lower concentration of 0.4wt% the effect of surface roughness will be 
present. At 0.4wt%, PFPE is not recommended for use to coat PEEK, while 
for 0.4wt% MAC, PEEK surface should possess a relatively high surface 
roughness (>1.45 µm) in order for the coating to protect PEEK from wear. 
Overall, we may conclude that MAC is a better lubricant to coat PEEK and a 
slight roughness on the PEEK surface is helpful in keeping the lubricant to the 
contact for low friction and high wear durability.
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In this study, only PEEK of surface roughness 0.42 µm were used to 
carry out comparison studies between the ionic lubricant [EMIM][BF4], 
[BMIM][BF4], PFPE and MAC as the effects of surface roughness had already 
been discussed in 3.2.1.  
However, the effects of concentration were still considered to help 
determine the performance between the ionic liquids with PFPE and MAC. 
The concentrations of the lubricants that are to be tested include 0.4wt% and 
4wt%. 
4.1 Surface characterization results and discussions 
4.1.1 Surface Roughness  
 The average surface roughness of the [EMIM][BF4] and [BMIM][BF4] 
before and after coating is listed in Table 5. Like the previous study of PFPE 
and MAC, the surface roughness of PEEK coated with [EMIM][BF4] and 
[BMIM][BF4] did not differ much prior to coating. If the lubricant layer was a 
few microns thick, we should be able to see a significant change in the 
surface roughness. However, in this case it is not possible. Hence it can be 
assumed that the coating thickness runs in the nanometer range. 
Table 5. Surface roughness of PEEK before and after coating. 













0.42±0.1 0.43±0.04 0.41±0.01 0.40±0.02 0.40±0.07 
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4.1.2 WCA measurement II  
 The results of the WCA conducted on the surface of PEEK coated with 
the ionic lubricants are compared with those of PFPE and MAC as seen in 
Table 6.  
Table 6. Water contact angle tests conducted on surface of PEEK coated with 
lubricant. 
 WCA/o 
Lubricant Before Test 
After test (On 
Wear track) 
After test 




9±3 7±2 9.6±0.1 
0.4wt% 
[BMIM][BF4] 






53.8±4 53±2 56±2 
0.4wt% 
[EMIM][BF4] 





As compared to PFPE and MAC, both ionic lubricants are hydrophilic 
(WCA < 90o) , meaning the liquids have high affinity to water, which also 
suggests that the ions present in the liquid when exposed to humid air readily 
bonds with the polar groups of water. 
 Being hydrophilic, capillary bridge of water readily forms at the contacts, 
contributing to adhesion between two surfaces. The capillary bridge 
contributes to friction (static), as additional force will be required to shear the 
capillary bridge and adhesion junctions prior to sliding. However, once sliding 
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occurs, depending on the nature of the lubricant, the capillary bridge formed 
may not be significant.  
 In Table 6, we also see the WCA of the surfaces after tribological tests 
have been conducted. The test was conducted to determine the presence of 
lubricants on the surface of PEEK after tests, and this will be discussed later 
in 4.2.1. 
4.2 Tribological results and discussions 
 Figure 21 shows the COF vs cycles plot of 4wt% [EMIM][BF4] and 
[BMIM][BF4] coated on Ra=0.42µm PEEK. 
 
Figure 21. Coefficent of friction vs cycles plot of [EMIM][BF4] and [BMIM][BF4] 
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Figure 22 shows a comparison between the CoF and wear life of the 
two ionic liquids, PFPE and MAC at both 0.4wt% and 4wt% concentrations. 
Figure 22. Coefficient of friction and cycle to failure plot of PEEK (Ra = 0.42 
µm) coated with 4.0wt% and 0.4wt% lubricant.COF of 0.4wt% is not included 
as the lubricants had failed prior to 200,000 cycles.  
4.2.1 Effects of concentration on the tribological properties of lubricant films 
The effects of concentration was seen when we compared the 
performance of 4.0wt% with 0.4wt% lubricant concentrations.  
 As mentioned in section 3.2.2, a lubricant with higher concentration 
leads to a thicker layer, allowing an increase in load bearing capability and 
also more lubricant is present. This was also seen for the ionic lubricants as 





































































Experiment stopped at 200,000 cycles 
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Figure 23. FESEM imaging conducted at x80(i) and x600(ii) magnification of 
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Figure 24. FESEM imaging conducted at x80(i) and x600(ii) magnification of 
PEEK (Ra = 0.42 µm) coated with 0.4wt% (a) and 4wt% (b) [EMIM][BF4] 
lubricant film. 
 
The surface features (abrasion lines) on PEEK lubricated with 4.0wt% 
ionic liquids was still seen even though there are signs of plastic deformation. 
For PEEK lubricated with 0.4wt% ionic liquids however, these surface 
features are not seen. Instead, we see a smooth polished PEEK surface. 
Additionally, at 4wt% concentration, we see the existence of lubricant 
on the wear track as compared to 0.4wt% concentration as seen in Table 6. 
When optical microscopy was conducted on the Si3N4 ball used for the 
tribological tests of 0.4wt% and 4wt% ionic liquid lubricants (Figure 25), we 
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Figure 25: Optical microscopy at x100 magnification of Si3N4 counterface ball 
that slid on [EMIM][BF4] (a) and [BMIM][BF4] (b) at 4wt% (i) and 0.4wt%(ii) 
concentration. 
 
of Si3N4 was significantly larger than that of 0.4wt% concentration. Additionally, 
more wear debris seen on the Si3N4 ball that slid on 0.4wt% concentration 
lubricant. 
4.2.2 [EMIM][BF4] vs [BMIM][BF4] 
 Comparing the ionic liquids side by side, there were no clear 
indications to which ionic lubricant is more superior. It seemed that at 0.4wt% 
concentration, [BMIM][BF4] is performing slightly better compared to 
[EMIM][BF4] as can be seen in Figure 22. Although [BMIM][BF4] showed high 
wear life by an order of magnitude, there was also a large scatter in the actual 
data points.  
The explanation for it may be due to the way the lubricant behaves on 
the surface of PEEK. Seen in Figure 26, for [BMIM][BF4] 4wt%, the ionic 
liquid spreads on PEEK surface evenly as a thin liquid film. [EMIM][BF4] does 
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of PEEK. This suggests that when regions on the surface gets starved of 
lubricant, [BMIM][BF4] replenishes more readily as compared to [EMIM][BF4], 
translating into better wear performance. By having a consistent liquid film on 
the surface, capillary bridge can be formed easily, resulting in lubricant sliding 
to occur and lowering of friction. 
  
Figure 26. Optical microscopy of 4wt% [BMIM][BF4] (a) and [EMIM][BF4] (b) 
after wear tests at x100 magnification. 
4. 3 Comparing PFPE, MAC and Ionic liquids 
4.3.1 Lower coefficient of friction for ionic liquids 
Compared to PFPE and MAC, the ionic liquid at a concentration of 4wt% 
we see a lower CoF, whilst at a lower concentration, PFPE and MAC 
performs better as compared to ionic liquid. 
 An explanation for ionic liquid having a lower CoF is due to the 
differences in atomic structure of the ionic liquids, PFPE and MAC. Compared 
to the long and bulky molecules of PFPE and MAC, the ionic liquids, 
consisting of ions (seen in Figure 4) are easier to move when sliding occurs. 
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and [EMIM][BF4] (197.97g/mol) are much lower than that of PFPE (4000g/mol) 
and MAC (550g/mol). 
4.3.2 Lower cycles to failure at 0.4wt% concentration for ionic liquids 
4.3.2.1 Effects of surface tension and dynamic capillary bridge  
 From Figure 22, at the lower lubricant concentration of 0.4wt%, the 
cycles to failure of the two ionic lubricants are significantly lower than that for 
both PFPE and MAC. Based on the previous study, it was assumed that it 
was the inability of the two ionic liquids to form a dynamic capillary bridge that 
resulted in the significantly lower cycles to failure. Having a capillary bridge 
that was able to move along with the contact point reduces friction by 
supplying lubrication and also minimizing asperity interactions between the 
two contact surfaces. 
To determine the existence of capillary bridges during sliding, sliding tests 
similar to those conducted in 3.2.3 were conducted. Like the test conducted 
for MAC and PFPE lubricant, 0.4wt% concentration is not used for this test 
because of its inferior performance compared to 4.0wt% concentration.  
Images were taken at the point where lubricant was applied between the two 
surfaces (Si3N4 ball and glass slide). Figure 27 shows images before and after 
sliding tests of the capillary bridge between the two contact point, and Table 7 
shows the sliding distance of the capillary bridge at a speed of 1mm/s. 
Sliding test has shown that both [EMIM][BF4] and [BMIM][BF4] were 
able to form dynamic capillary bridges which followed the contact point 
throughout the slide tests. Once the contact was removed, lubricant was still 
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present on the surface of glass. This was however, not seen on the surface of 
Si3N4 ball. 
   
   
Figure 27. Capillary bridge images before(i) and after(ii) slide test for 4wt% 
[EMIM][BF4](a) and 4wt% [BMIM][BF4](b). 
Table 7. Slide test conducted for 4wt% [EMIM][BF4] and [BMIM][BF4] at 
1mm/s 
Lubricant Distance (mm) 
4wt% [EMIM][BF4] 25 
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Additionally, [EMIM][BF4] and [BMIM][BF4] has surface tension that is 
much higher than MAC, which meant to say that the formation of a capillary 
bridge at the contact point was not an issue. Rather, based on equation (3), 
the capillary bridge formed should be larger than that of MAC and PFPE. 
Indeed, this was seen for 4wt% [EMIM][BF4] when an optical microscopy was 
conducted at the point where capillary bridge was formed (Figure 28). 
However, this was not the case for 4 wt% [BMIM][BF4] (Figure 29). 
  
Figure 28. Optical microscopy image taken at the point where 4wt% 
[EMIM][BF4] capillary bridge formed between Si3N4 and glass contact. At 
contact (a) and after contact (b).  
 
  
Figure 29. Optical microscopy image taken at the point where 4wt% 
[BMIM][BF4] capillary bridge formed between Si3N4 and glass contact. At 
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 It can be seen that Figure 29b differs greatly from that of Figure 25b(i). 
The reasons for this difference are - (1) the load applied on the PEEK surface 
in Figure 25b(i) was 5N as compared to ~0N in Figure 29b, having a larger 
force will result in the deformation of the surface asperities and features. This 
will result in a larger surface area which ultimately leads to stronger surface 
force interactions. (2) The duration for which the Si3N4 is in contact with the 
PEEK surface was much longer for Figure 25b(i) as compared to that for 
Figure 29b. (3) The surface conditions of 29b and 25b(i) differed as one was 
Si3N4 on glass while the other one was Si3N4 on PEEK that had been oxygen 
plasma cleaned. Depending on how the surface forces on each surfaces 
(PEEK, Si3N4, glass) interact, the lubricant will behave differently.  
Figure 29b was similar to that of Figure 19b(ii) and 19c(iii). However for 
the case of Figure 19b(ii) and 19c(ii), the capillary bridges were not able to 
last throughout the sliding tests as compared to the case of Figure 29b. As 
such, it will not be possible to draw conclusion on how of surface tension and 
capillary bridge contributed to the performance of [BMIM][BF4] when 
compared with PFPE and MAC.  
For the case of [EMIM][BF4], based on the 4wt% optical microscopy 
and sliding tests, it is safe to say that at 4wt% concentration, it behaves 
similarly to that of MAC. However, the performance at 0.4wt% cannot be 
explained using both the sliding tests and the optical microscopy. 
4.3.2.2 Hydrophobic vs Hydrophilic  
 Based on the water contact angle tests (Table 2 and 5) conducted on 
the 4 different lubricants, it can be concluded that the ionic lubricants are 
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hydrophilic compared to PFPE and MAC which are hydrophobic. The ionic 
liquids, being hydrophilic by nature will mean that the ions readily form 
hydrogen bonds with the polar H2O. H2O is readily available in the 
atmosphere in the form of water vapor (humidity). The formation of hydrogen 
bonds may lead to a change in the atomic structure of the liquid as a whole, 
which may ultimately affect the tribological properties of the liquid lubricant 
itself.  
Moreno et al. [38] has shown that at low concentration of [BMIM][BF4], 
imidazolium-imidazolium interactions are weakened by the intrusion of H2O, 
which acts as hydrogen bond competitors, disrupting the short-range network 
of neat room-temperature ionic lubricants by sitting at preferential sites of the 
ions. At higher concentration of [BMIM][BF4], non-selective interaction occurs 
in the presence of H2O. This interaction results in the “swelling” of the 
[BMIM][BF4] atomic structure, caused by the presence of water molecule . 
Furthermore, with the introduction of oxygen plasma treatment to 
increase the surface energy and enhance the surface wettability of PEEK, the 
ions may have reacted with the carboxyl groups present on the surface 
resulting in bonds to be formed between the ions in the liquid and also with 
the surface of PEEK. 
 Therefore, at 0.4wt% concentration, the reduction in the amount of ions 
brought about by atmospheric and surface conditions decreased the amount 
of ions present for lubrication which ultimately led to the short wear life for 
both [EMIM][BF4] and [BMIM][BF4]. 
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 At 4wt% concentration, the reduction in the amount of ions was not as 
significant as that of 0.4wt%. Together with a dynamic capillary bridge and 
high surface tension, [EMIM][BF4] and [BMIM][BF4] at 4wt% was able to last 
the whole duration of the test. 
 4.4 Conclusion – comparison and evaluation of [EMIM][BF4], 
[BMIM][BF4], PFPE and MAC 
 On the smoothest attainable surface of PEEK, 4.0wt% [EMIM][BF4] 
and [BMIM][BF4] thin-film lubricant was able to maintain a CoF which was 
much lower than that of MAC and PFPE throughout the duration of the 
tribological tests. Instead of having large hydrocarbon chains, these ionic 
liquids have ions which can be easily moved about in the liquid when sliding 
occurs. This leads to a lower COF as compared to MAC and PFPE.  
 Both ionic liquids have high surface tension which enables it to easily 
form capillary bridges at the point of contact. These capillary bridges have 
been shown to move together with the point of contact during sliding, leading 
to effective lubrication and high wear life of the lubricant thin film.   
However, when a much lower concentration of 0.4wt% was used, the 
performance of the two ionic liquids dropped tremendously; failing almost 
immediately when the tests start. A possible explanation for such a trend may 
come from the hydrophilic nature of the liquid. Being hydrophilic, interactions 
may have occurred between the ions present within the liquids and also the 
water vapor present in the atmosphere. Coupled with the interaction which 
occurred between the ions and the oxygen plasma treated PEEK surface, 
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these reactions may have starved the lubricant of the ions necessary for 
effective lubrication, leading to the low wear life of the lubricant thin film.  
The tribological characterization data of the ionic liquids showed that at 
0.4wt% [BMIM][BF4] performed better than [EMIM][BF4] in terms of wear 
durability. This may be due to the ability of [BMIM][BF4] to form a continuous 
lubricant coating layer on the surface of PEEK as compared to [EMIM][BF4], 
which formed a lubricant layer containing micro droplets of lubricant. Having a 
continuous layer of lubricant film enables the capillary bridge that formed at 
the point of contact to get replenished of lubricant easily, thus minimizing the 
possibility of lubricant starvation. With a constant supply of lubricant, the wear 
life of PEEK surface is enhanced.












From the two studies that were conducted, a few conclusions can be 
drawn on optimal lubrication conditions, the performance of PFPE, MAC, 
[EMIM][BF4] and [BMIM][BF4] and mechanism of lubrication on the surface of 
PEEK. 
 In the first study, it was shown that surface roughness plays a part on 
the performance of lubricant film applied on the surface of PEEK. It was 
concluded that for optimal lubrication, a PEEK surface with a minimum 
surface roughness of 1.45 µm was required. At Ra = 1.45µm, there were 
sufficient reservoirs of lubricants stored in the valleys present on the surface 
which enabled replenishment of lubricant on the surface of PEEK. Moreover, 
a rougher surface also resulted in a larger surface area – enabling more 
mechanical coupling and chemical bonding to occur between the lubricant 
and PEEK surface. 
 Apart from surface roughness, the two studies also showed how the 
lubricant concentration can affect the lubricant performance. At 4wt% 
concentration, PFPE, MAC, [BMIM][BF4] and [EMIM][BF4] showed wear 
durability of more than 20 times as compared to 0.4wt% concentration. With a 
higher concentration (4wt%) of lubricant, the lubricant layer is much thicker as 
compared to  that of a lower concentration (0.4wt%). A thicker lubricant layer 
provides higher load bearing capability and also minimizes asperity 
interactions of two surfaces by supporting contacting surfaces on top of the 
lubricant layer and separating them apart.  
 From the first study, the performances of PFPE and MAC were 
compared and it was found that MAC performed better than PFPE on the 




smoothest surface and at 0.4wt% concentration. MAC, having a higher 
surface tension as compared to PFPE, allowed the formation of capillary 
(meniscus) bridge which was maintained at the point of contact throughout the 
whole duration of the test. The capillary bridge acted as a reservoir of 
lubricant which moved together with the point of contact, constantly lubricating 
it. Additionally, the lubricant caught in between the two contact surfaces acts 
as a barrier, minimizing asperity interactions; if separation distance between 
the two surfaces is larger than that of the surfaces’ roughness, liquid-on-liquid 
sliding will occur. 
 The second study was on the tribological characterization of ionic 
liquids [EMIM][BF4] and [BMIM][BF4] and also on a comparison study of 
PFPE and MAC with the two ionic liquids. From the tribological 
characterization of [EMIM][BF4] and [BMIM][BF4], it was determined that 
these two ionic liquids when used on the surface of PEEK (Ra = 0.42µm) at 
4wt% concentration were able to reduce the COF of PEEK surface by up to 
90% (0.02 ~ 0.03). This reduction in the COF may be contributed by the 
atomic structure of the ionic liquids. At 0.4wt% concentration, it appears that 
[BMIM][BF4] performed better as compared to [EMIM][BF4] as seen by the 
higher average wear life of the lubricant film. The explanation for [BMIM][BF4] 
performing better may be the nature of lubricant film formed on the surface of 
PEEK, which is a continuous liquid layer, enabling easy replenishment of the 
lubricant. This continuous layer also allows the formation of capillary bridges 
which can aid in lubrication.  
 Indeed, at 4wt% concentration, both [EMIM][BF4] and [BMIM][BF4] 
were able to form capillary bridges which followed the point of contact 




throughout. This also helped to explain why at 4wt% concentration the 
lubricant was effective in protecting the surface of PEEK.  
 When compared with the MAC and PFPE, [EMIM][BF4] and 
[BMIM][BF4] performed badly at 0.4wt% concentration. [EMIM][BF4] and 
[BMIM][BF4] both formed capillary bridges which was maintained at the point 
of contacts throughout the whole tests, and this was possible due to their high 
surface tension. However, due to the ionic liquids’ hydrohphilic nature, the 
ions readily react with oxygen plasma treated PEEK surface and water vapour 
present in the atmosphere. The reactions led to the reduction of ions required 
for lubrication, which may have led to the low wear life seen at 0.4wt%.  
Therefore, even though these two ionic liquids offer low COF for PEEK 
surface as compared to MAC and PFPE, in terms of wear durability, these two 
ionic liquids are not as promising as compared to MAC or PFPE. Finally, it 
can be concluded that for the least amount of lubricant, MAC provides the 
best wear durability and friction performance. 
 The second study also allowed us to set aside the conditions for a 
capillary bridge to be effective in the lubrication process of PEEK, 
1. Lubricant has to adhere to both contact surfaces i.e. lubricant has to 
be able to “stick” onto the contact surface. If the lubricant does not 
“stick” onto either of the two contact surface, the capillary bridge 
cannot be maintained as seen in the case of PFPE. 
2. The lubricant used should tentatively have a surface tension which 
is high enough to prevent “creeping” of the lubricant away from the 
point of contact. By having a high surface tension, capillary bridge 




formation is not only easier, the bridge formed will also hold a larger 
volume of lubricant. 
3. The lubricant used does not have to be hydrophobic for capillary 
bridge lubrication to be effective, as seen for [EMIM][BF4] and 
[BMIM][BF4] at 4wt% concentration. However, for maximum 
lubrication performance, a hydrophobic lubricant should be chosen 
to minimize reactions which may occur in the given atmospheric 
conditions. 
If these conditions are taken into consideration while selecting a lubricant for 
PEEK, the wear performance of PEEK can be enhanced.   
For the above two studies, the focus was mainly on the lubrication of 
PEEK surface for enhanced wear durability. Along the way, there were many 
key findings which may be beneficial towards future works on the lubrication 
and coating of PEEK surfaces. Below is a summary of these key findings,  
 Lubricant coatings on rough PEEK surfaces (>1.45µm) have higher 
wear life as compared to smoother surfaces. Rougher surface has 
higher surface area and energy, which allows better mechanical 
coupling and adhesion to occur between the coating and PEEK surface 
as compared to smoother surface. 
 Lubricant coating of higher concentration gives higher wear life as 
compared to a lubricant coating of lower concentration. A lubricant 
coating of higher concentration gives a thicker lubricant layer which 
enables the lubricant coating to have better load bearing capabilities. 
Furthermore, at higher concentration, the presence of more lubricant 




molecules allows better adhesion to occur between the lubricant 
coating and PEEK surface. 
 Lubricants of higher surface tension can aid in lubrication due to the 
existence of a dynamic meniscus bridge. A dynamic meniscus bridge 
acts as a mobile source of lubrication at the point of contact, minimizing 
friction and wear. 
 The effectiveness of a lubricant coating in reducing friction is 
dependent on the size of the molecules. 
 The performance of a lubricant coating is not dependent on the nature 
of the liquid - hydrophobic and hydrophilic lubricants can effectively 
minimize wear and friction on a surface. 
 Ionic liquids can be used as effective lubricant coatings on PEEK 
surface. 
 To maximize the wear life of PEEK, there is an optimized PEEK 
surface roughness and lubricant coating concentration.  
 It was also seen in our studies, that when just one of the interacting 
surfaces changed (PEEK to glass), the way the capillary bridge behaved and 
formed also changed. Therefore, the ability and effectiveness of dynamic 
capillary bridges in the lubrication of other material surface remains an area 
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